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Abstract
In many extensions of the standard model, the Higgs sector often contains an additional pseu-
doscalar boson. A good example is the SU(3) simplest little Higgs model, which accommodates
a light pseudoscalar boson η with quite different characteristics from those in other multi-Higgs-
doublet models. We study various phenomenological signatures of the η at the LHC. In particular,
we calculate in details both production and decays in the Drell-Yan type channel qq¯ → Z/Z ′ → hη,
and in the associated production with a tt¯ pair, gg (qq¯)→ tt¯η. We emphasize the τ+τ− decay mode
of the η boson when its mass is below the bb¯ threshold. We show that tt¯η production is in fact large
enough to give a sizable number of events while suppressing the backgrounds. We also comment
on the direct gluon fusion process and the indirect decay from the heavy T quark (T → tη).
PACS numbers:
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I. INTRODUCTION
One of the primary goals of the CERN Large Hadron Collider (LHC) is to understand the
electroweak symmetry breaking, which is vital in explaining the origin of the fermion and
gauge boson masses. In the standard model (SM), one single Higgs doublet is introduced
to trigger the electroweak symmetry breaking, of which the by-product is a scalar boson
known as the Higgs boson. Although the SM does not predict the mass of the Higgs boson
(mH), we have direct, indirect, and theoretical bounds on mH . The most up-to-date search
has placed a lower bound of 114.4 GeV [1] on mH . The precision measurements from LEP
and SLD collaborations have placed an upper bound on mH < 160 GeV (at one-sided 95%
C.L.) [2], which is much lighter than the theoretical one (the so-called triviality bound) of
about 1 TeV. The consensus is that the Higgs boson is rather light.
The SM by itself cannot provide any theoretical framework to guarantee the lightness
of the Higgs boson. Very often small masses are protected by some symmetries, e.g., the
chiral symmetry to protect fermion masses and the gauge symmetry to protect gauge boson
masses. There are no such symmetries in the SM to protect the scalar boson masses. A
recent class of models, dubbed the little Higgs models, has been developed based on the idea
that the lightness of the Higgs boson is attributed to its being a pseudo Nambu-Goldstone
boson (pNGB) [3]. Armed by the collective symmetry breaking idea, little Higgs models can
explain the little hierarchy problem. The Higgs boson mass is radiatively generated with
quadratic divergence emerging at two loop level: The Higgs boson mass around 100 GeV and
the 10 TeV cut-off are possible without fine-tuning. The one-loop level quadratic divergences
from the SM gauge boson and top-quark loops are canceled by those from new heavy gauge
boson and heavy T -quark loops, respectively. According to the global symmetry breaking
pattern little Higgs models can be classified into two categories: (i) the product group models
where the diagonal breaking of two (or more) gauge groups leads to the SM gauge group,
and (ii) the simple group models where a single larger gauge group is broken into the SM
gauge group. The most studied product group model is the littlest Higgs model [4] while
that for the simple group model is the simplest little Higgs model [5]. In this work, we focus
on the simplest little Higgs (SLH) model, which generates the least fine tuning in explaining
the low Higgs mass [6].
A special feature of the simplest little Higgs model is the presence of a light pseudoscalar
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boson, denoted by η. The model is based on [SU(3) × U(1)X ]2 global symmetry with
its diagonal subgroup SU(3) × U(1)X gauged. The vacuum expectation values (VEV) of
two SU(3)-triplet scalar fields, 〈Φ1,2〉 = (0, 0, f1,2)T , spontaneously break both the global
symmetry and the gauge symmetry. Uneaten pNGB’s consist of a SU(2)L doublet h and
a pseudoscalar η. In Ref. [7] it was pointed out that the η boson in the original model
is massless, which is problematic for η production in rare K and B decays, B-B¯ mixing,
and Υ→ ηγ, as well as for the cosmological axion limit. One of the simplest remedies was
suggested by introducing a −µ2(Φ†1Φ2+h.c.) term into the scalar potential by hand [5, 8, 9].
This µ term then determines the η mass. The mass of η is not theoretically constrained, but
there exists an experimental constraint from non-observation in the decay Υ → γ +X0. It
excludes pseudoscalar bosons with mass below 5–7 GeV [10]. It has been also shown that a
sizable portion of parameter space kinematically allows the decay h→ ηη, which can relieve
the constraint on the direct search bound on the Higgs boson mass [7, 11].
In this work, we focus on production and decays of a light η boson at the LHC. The
decay pattern of η is quite similar to that of the SM Higgs boson. A few distinctive features
are (i) the η does not decay into WW and ZZ, (ii) η has a rather large branching ratio into
gg, and (iii) the dominant decay mode is η → ZH if kinematically allowed. The largest
production channel for η is gluon fusion, but the decay of η → bb¯, jj will be buried under
QCD backgrounds while η → τ+τ− will not likely stand out of the Drell-Yan background.
The WW fusion does not contribute to η production. Associated production η with tt¯ pair
and with the Higgs boson could be the most useful channels to search for the η.
The organization is as follows. In the next section, we describe briefly the simplest little
Higgs model with the µ term. We calculate the decays and production of the η boson in
Sec. III and IV, respectively. We study the detection of the η boson in Sec. V and VI. We
then conclude in Sec.VII.
II. SU(3) SIMPLEST GROUP MODEL WITH THE µ TERM
The SU(3) simplest little Higgs model is based on [ SU(3)×U(1)X ]2 global symmetry with
its diagonal subgroup SU(3)×U(1)X gauged. The symmetry breaking of SU(3)×U(1)X →
SU(2)L×U(1)Y is generated by aligned VEVs of two complex SU(3) triplet scalar fields, Φ1
and Φ2. Out of the 10 degrees of freedom in Φ1 and Φ2, five are eaten by the SU(3) symmetry
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breaking. Remained five degrees of freedom in Φ1,2 are parameterized as a nonlinear sigma
model with
Φ1 = e
itβΘΦ
(0)
1 , Φ2 = e
−iΘ/tβΦ
(0)
2 , (1)
where tβ ≡ tan β and
Θ =
1
f


0 0
0 0
h
h† 0
+ η√2

1 0 0
0 1 0
0 0 1

 ≡ h0f Ĥ+ η√2f I3. (2)
Radiatively generated VEV of the Higgs boson field h triggers the SM electroweak sym-
metry breaking (EWSB): The Higgs boson is defined by h = (v + h0)/
√
2. Without resort
to any expansion, Φ1 and Φ2 have the following closed form [7]:
Φ1 = fcβe
i
tβη√
2f

i sin
tβh0
f
0
cos
tβh0
f
 , Φ2 = fsβe−i η√2tβf

−i sin h0
tβf
0
cos h0
tβf
 . (3)
Note that η in Φ1,2 is only a phase factor. Explicit form of ∂µΦ1,2 are also useful for later
discussions:
∂µΦ1 = isβe
i
tβη√
2f
{
∂η√
2
+ ∂h0Ĥ
}
i sin
tβh0
f
0
cos
tβh0
f
 , (4)
∂µΦ2 = −icβe
−i η√
2tβf
{
∂η√
2
+ ∂h0Ĥ
}
−i sin h0
tβf
0
cos h0
tβf
 .
The covariant derivative term is
LΦ =
∑
j=1,2
∣∣∣(∂µ + igAaµT a − igx3 Bxµ)Φj∣∣∣2 ≡ ∑
j=1,2
|(∂µ + igGµ)Φj |2 , (5)
where gx = gtW
√
1− t2W/3 and tW is the tangent of the electroweak mixing angle. Detailed
expressions for G is referred to Ref. [12]. As Φ1 and Φ2 develop their VEVs, the 5 degrees
of freedom appear as the longitudinal component of the heavy gauge bosons, including a Z ′
gauge boson and a complex SU(2) doublet (Y 0, X−), with masses
MZ′ =
√
2
3− t2W
g f, MX± = MY =
gf√
2
. (6)
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For convenience we separate the Lagrangian in Eq. (5) into three terms:
LΦ =
∑
j=1,2
|∂µΦj |2 +
∑
j=1,2
[
−igΦ†jGµ∂µΦj +H.c.
]
+ g2
∑
j=1,2
Φ†jG
µ
GµΦj (7)
≡ Lkin + Lint + Lmass.
Using Eq. (3) it is easy to see that the first term is just the kinetic term of the Higgs boson
and η: ∑
i=1,2
|∂Φi|2 = (∂η)
2
2
+ (∂h0)
2. (8)
The last term Lmass leads to the masses for the gauge bosons as well as the coupling of the
Higgs boson with two gauge boson. Since η is only a phase factor in Φ1,2, the η-dependence
in Lmass disappears. From Eqs. (3) and (4), the second term Lint leads to only the η-H-Z,
η-H-Z ′, and η-H-ℑm(Y 0) couplings:
Lint =
√
2
(
tβ − 1
tβ
)
mZ
f
(H∂µη − η∂µH) [Zµ − fZ′Z ′µ] (9)
+
√
2g(H∂µη − η∂µH)ℑm(Y 0µ),
where fZ′ = cW (1− t2W )/
√
3− t2W ≈ 0.682.
The fermion sector in this model should be extended since the gauged SU(3) symme-
try promotes the SM fermions into SU(3) triplets. The Yukawa interaction of the third
generation quarks is determined by the little Higgs mechanism which cancels the largest
contribution of the top quark to the radiative Higgs mass δmH . However negligible con-
tributions to δmH of the first two generation quarks and all generation leptons leave some
ambiguity in fermion embedding. In the literature, two kinds of fermion embedding have
been discussed, the “universal” embedding [12], and the “anomaly-free” embedding [13]. In
this paper we focus on the anomaly-free embedding case. The universal embedding case has
almost the same Yukawa couplings of η, except that the first two generation heavy quarks
are up-type while those in the anomaly-free embedding are down-type.
The quark Yukawa interactions for the third generation and for the first two generations
are given by [12]
L3 = iλ
t
1t
c
1Φ
†
1Q3 + iλ
t
2t
c
2Φ
†
2Q3 + i
λmd
Λ
dcmǫijkΦ
i
1Φ
j
2Q
k
3 +H.c. , (10)
L1,2 = iλ
dn
1 d
c
1nQ
T
nΦ1 + iλ
dn
2 d
c
2nQ
T
nΦ2 + i
λmnu
Λ
ucmǫijkΦ
∗i
1 Φ
∗j
2 Q
k
n +H.c., (11)
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where n = 1, 2; i, j, k = 1, 2, 3 are SU(3) indices; Q3 = {tL, bL, iTL} and Qn =
{dnL,−unL, iDnL}; dcm runs over (dc, sc, bc, Dc, Sc); ucm runs over (uc, cc, tc, T c).
The mass eigenstate (f c, F c) are the mixture of (f c1 , f
c
2), where f = t, s, c and F = T, S, C, tc
T c
 =
 − cos θT sin θT
sin θT cos θT
 tc1
tc2
 ,
 dc
Dc
 =
 cos θD,S sin θD,S
sin θD,S − cos θD,S
 dc1
dc2
 ,
(12)
where the s quark sector is the same as the d quark sector. The mixing angles are
sin θF =
λf1cβ√
(λf1cβ)
2 + (λf2sβ)
2
, cos θF =
λf2sβ√
(λf1cβ)
2 + (λf2sβ)
2
, (13)
where cβ = cos β and sβ = sin β.
The heavy quark masses (MT , MS, MD) and the SM quark masses are
MQ =
√
(λq1cβ)
2 + (λq2sβ)
2f, mq =
λq1λ
q
2√
2
f
MQ
v, for q = t, s, d, Q = T, S,D, (14)
Small masses of md and ms are satisfied simply by the condition λ
s,d
1 ≪ λs,d2 , which implies
θD,S ≃ 0. (15)
Accepting this simplification, this model has the following five parameters:
f, mη, tβ , xλ
(≡ λt1/λt2) , MD, MS. (16)
In Ref. [7], it is shown that proper EWSB prefers rather large tβ around 10.
Focused on η, we put its Yukawa couplings as
LηY = −i
∑
f
mf
v
yηfηf¯γ5f +
mt
v
(
iηTPRt+H.c.
)
, (17)
where the index f includes all of the SM fermions and heavy fermions, mf is the fermion
mass, v is the Higgs VEV, and T is the heavy top partner. We ignore η-D-d and η-S-s
couplings due to their small mixing angles in Eq.(15). The parameter yηf indicates the ratio
of the η Yukawa coupling to the SM Higgs Yukawa coupling, given by
yηl = y
η
d,s = y
η
b = −yηu,c = −yηt =
√
2 v
f
cot 2β ,
yηQ = −
v
f
[cos 2β + cos 2θQ] csc 2β , for Q = D,S, T
(18)
where l = e, µ, τ .
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III. η DECAY
For mη < mZ + mH , the η decays dominantly into a pair of SM fermions that is kine-
matically allowed. The decay rate of η → f f¯ is
Γ(η → f f¯) = NC
8π
(
mfy
η
f
v
)2
mηλ
1/2
η , (19)
where λη = 1− 4m2f/m2η, and NC is the color factor of the fermion f . Since Γ(H → f f¯) has
a factor of λ
3/2
H , a pseudoscalar boson η with mass just above twice of a fermion mass has
larger decay rate. Since the decay rate is proportional to the fermion mass, η boson with
mη < 2mt mainly decays into a bb¯ pair. In the following calculation of decay widths, we use
the running mass of the quarks evaluated at the scale mη to calculate the Yukawa coupling,
but not in the phase space factor. This is why the partial width into cc¯ is smaller than that
into τ+τ−.
As in the Higgs boson case, the radiative decay rates of η into gg and γγ are also impor-
tant. Since η has no coupling with the charged gauge bosons, the partial decay widths into
γγ and gg are, respectively,
Γ(η → gg) = α
2
sm
3
φ
32π3v2
∣∣∣∣∣∑
f
1
2
yηfF
η
1/2(τf )
∣∣∣∣∣
2
, (20)
Γ(η → γγ) = α
2m3φ
256π3v2
∣∣∣∣∣∑
f
yηfN
f
CQ
2
fF
η
1/2(τf )
∣∣∣∣∣
2
, (21)
where τf = 4m
2
f/m
2
η, N
f
C and Qf are, respectively, the color factor and the electric charge
of the fermion running in the loop. The dimensionless loop factor F η1/2(τ) is
F η1/2(τ) = −2τf(τ), (22)
with
f(τ) =
 [sin−1(1/
√
τ )]2, τ ≥ 1,
−1
4
[ln(η+/η−)− iπ]2, τ < 1,
η± = 1±
√
1− τ . (23)
For mη above the bb¯ threshold the dominant decay mode is into the bb¯ pair. However,
due to huge QCD background it is very difficult to identify the η boson in this mode, unless
it is produced associated with some leptonic final states. The same difficulty is expected
for η → gg. On the other hand, the decay mode into τ+τ− could be useful, especially for
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FIG. 1: The dependence of MT (in unit of TeV) on tan β ≡ tβ and tan θT . We have set f = 4 TeV.
2mτ < mη < 2mb. In this mass range, about 50% branching ratio is possible for η → τ+τ−.
We shall concentrate on this mode in Sec.V.
In Fig. 1, we show the dependence of MT on tβ and tan θT . We have set mD = 1.53 TeV
and mS = 1.76 TeV. Since proper EWSB can be achieved by large tβ around 10, the heavy
top mass is somewhat sensitive to tan θT : For tan θT > 5, MT is relatively light below 1
TeV; for tan θT < 5, MT becomes heavier above 1 TeV.
In Fig. 2 (a)–(c), we show the contours of Br(η → bb¯), Br(η → gg), and Br(η → γγ),
respectively, in (mη, tan β ≡ tβ) plane. The presented value for η → bb¯ and η → gg is in
unit of 10−2, while that for η → γγ is in unit of 10−4. We vary mη ∈ [20, 120] GeV, and
tβ ∈ [2, 20]. The branching ratios are quite sensitive to mη, but relatively insensitive to tβ.
As in Fig. 1, we used mT > 500 GeV, mD = 1.53 TeV and mS = 1.76 TeV.
In Fig. 3, we show the branching ratios for the dominant decay modes of η. Formη < 2mc
Br(η → gg) is the largest, whereas in the range 2mc < mη < 2mτ Br(η → cc¯) is the largest.
For 2mτ < mη < 2mb, the largest is Br(η → τ+τ−), followed by Br(η → cc¯). When
2mb < mη < 120 GeV, Br(η → bb¯) becomes dominant. As mη further increases, however,
Br(η → gg) takes over. This is due to the enhancement from the contributions of heavy T ,
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FIG. 2: Contour plots of Br(η → bb¯)× 102 in (a), Br(η → gg)× 102 in (b), and Br(η → γγ)× 104
in (c) on mη and tan β ≡ tβ plane. The parameter f is fixed at 4 TeV.
D and S, which are non-decoupled in the triangle loops. Such an enhancement is helpful
for η production at the LHC via gluon fusion. On the other hand, Br(η → γγ) is only at
the level 10−4 in most of the parameter space. This is due to the absence of the η-coupling
with charged gauge bosons.
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(a) (b)
FIG. 3: (a) Branching ratios and (b) total decay width of η for 1 GeV < mη < 120 GeV. We fix
tβ = 20 and f = 4 TeV.
IV. η PRODUCTION AT THE LHC
Main production channels for η at the LHC are, in the order of the size of cross sections,
1. gluon fusion: gg → η;
2. bb¯ fusion: bb¯→ η;
3. associated production with H : qq¯ → Z,Z ′,ℑm(Y 0)→ Hη;
4. associated production with tt¯: gg, qq¯→ tt¯η; and
5. decay from T : T → tη and T¯ → t¯η.
The resulting cross sections are to be compared in subsection F.
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A. Gluon fusion
For gluon fusion the cross section at pp hadron collider with the c.m. energy s (
√
s =
14 TeV for the LHC) is
σ(gg → η) =
∫ 1
τη
dx
x
fg/p(x)fg/p
(τη
x
)
τη σ0(gg → η), (24)
where τη = m
2
η/s, fg/p is the parton distribution function of a gluon inside a proton, and
σ0(gg → η) = π
2
8m3η
Γ(η → gg). (25)
B. bb¯ fusion
For the bb¯ fusion the cross section is
σ(bb¯→ η) =
∫ 1
τη
dx
x
[
fb/p(x)fb¯/p
(τη
x
)
+ fb¯/p(x)fb/p
(τη
x
)]
τη σ0(bb¯→ η) (26)
= 2
∫ 1
τη
dx
x
fb/p(x)fb¯/p
(τη
x
)
τη σ0(bb¯→ η),
where
σ0(bb¯→ η) = 4π
2
9m3η
Γ(η → bb¯). (27)
C. Hη associated production
The process of qq¯ → ηH is mediated by Z, Z ′, and ℑm(Y 0) gauge bosons. Since the
gauge coupling of Y 0 with the SM fermion is suppressed by v/f and 1/tβ, we ignore it in
the following. The interaction Lagrangian is parameterized by
L = −gZ
∑
i,q
q¯γµ [g
q
iRPR + g
q
iLPL]Z
µ
i +
∑
i,q
ci [H∂µη − η∂µH ]Zµi , (28)
where gZ = g/cW , i = 1, 2, Z1,2 = Z,Z
′, and
gq1R = −xWQq, gq1L = (T q3 )L − xWQq, (29)
gq2R =
QqxW√
3− 4xW
, gq2L =
1√
3− 4xW
(
−1
2
+
2
3
xW
)
, q = u, d, c, s,
gb2R = −
1
3
xW√
3− 4xW
, gb2L =
1√
3− 4xW
(
1
2
− 1
3
xW
)
,
c1 =
√
2
(
tβ − 1
tβ
)
mZ
f
, c2 = −
√
2
(
tβ − 1
tβ
)
mZ
f
fZ′. (30)
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Here xW = sin
2 θW and fZ′ = cW (1− t2W )/
√
3− t2W ≈ 0.682.
For the process of
q(p1) + q¯(p2)→ η(k1) +H(k2), (31)
the parton level differential cross section is
dσˆ
d cos θ∗
(qq¯′ → ηH) = λ
1/2
(
m2η/sˆ,m
2
H/sˆ
)
36πsˆ
1
3
(|gˆqL|2 + |gˆqR|2)(1− cos2 θ∗), (32)
where θ∗ is the scattering angle of η with respect to the incoming quark q in the parton c.m.
frame, sˆ = (p1 + p2)
2, and λ(a, b) = 1 + a2 + b2 − 2a − 2b − 2ab. The effective couplings
gˆqL,qR are
gˆqX =
∑
i=1,2
sˆ
sˆ−m2i + imiΓi
gZ ci g
q
iX , for X = R,L. (33)
The cross section of pp collision is then
σ(pp→ ηH) =
∫
dxAdxB
[{
fu/p(xA)fu¯/p(xB) + fc/p(xA)fc¯/p(xB)
}
σˆ(uu¯→ ηH) (34)
+
{
fd/p(xA)fd¯/p(xB) + fs/p(xA)fs¯/p(xB) + fb/p(xA)fb¯/p(xB)
}
σˆ(dd¯→ ηH)
+(A↔ B)
]
where fa/A is the parton density of a inside the hadron A.
D. tt¯η associated production
There are two contributing subprocesses:
qq¯ → tt¯η, gg → tt¯η .
The latter dominates at the LHC energy because of large gluon luminosity. We write down
the helicity amplitudes in the appendix, and use FORM to evaluate the square of the am-
plitudes.
E. In the T decay T → tη
A pair of T T¯ is produced by QCD interactions, similar to a top-quark pair. When the
T is heavy enough, single-T production is kinematically advantageous [14]. In little Higgs
12
LHC, pp→ TX, T¯X → tηX
f = 3 TeV & tanβ, xλ ∈ [6, 12]
pT > 10 GeV, |yT | < 5
MT
σ
×
B
R
(T
→
tη
)
[f
b
]
11001000900800700600500
1200
1000
800
600
400
200
0
FIG. 4: Sum of cross sections of pp → TX and pp → T¯X ′, multiplied by the branching ratio of
T → tη in units of fb. We fix f = 3 TeV, while varying tβ ∈ [6, 12] and xλ ∈ [6, 12].
models, the heavy T quark decays dominantly into tH , tZ, and bW [12]. When neglecting
final-state masses over MT , the partial decay rates are
Γ(T → tH) = Γ(T → tZ) = 1
2
Γ(T → bW ) = λ
2
T
32π
MT , (35)
where
λT =
tβ
t2β + 1
(
xλ − 1
xλ
)
mt
v
. (36)
Here xλ = λ
t
1/λ
t
2. If these are the only decay modes of T , the branching ratios of T would
show simple relation of Br(T → tH) : Br(T → tZ) : Br(T → bW ) = 1 : 1 : 2. However the
SLH model allows another important decay mode of T → tη. Its partial decay rate is
Γ(T → tη) = 1
32π
m2t
v2
MT . (37)
Since EWSB prefers large tβ so that λT is suppressed if xλ is not as large as tβ, this decay
mode can be important. For example, two benchmark points in Ref.[11] have sizable decay
rate of T → ηt: Br(T → ηt) ≈ 45% in the SHLµ-A case and Br(T → ηt) ≈ 21% in the
SHLµ-B case.
In Fig. 4, we show the production cross section of a single heavy top T at the LHC,
multiplied by its branching ratio for T → tη. We fix f = 3 TeV and vary tβ and xλ in the
range between 6 and 12. We have included the single-T production as well as the single-T¯
13
FIG. 5: Various production cross sections for η at the LHC in the mass range 5 GeV < mη <
120 GeV. We fix tan β ≡ tβ = 20 and f = 4 TeV.
production. As stressed in Ref.[14], the non-negligible 2 → 3 process of qg → T b¯q′ with its
charge-conjugated production is also included. Only for very optimal case of MT around
500 GeV, the η production from the T decay can reach 1 pb.
F. Comparisons
In Fig. 5, we show the production cross sections against the mass of the η for various
production channels at the LHC. The most dominant production channel is the gluon fusion,
followed by the bb¯ fusion. In both channels, there is only η in the final state, which will
decay into either a bb¯ pair or τ+τ− pair depending on mτ . Both modes suffer, respectively,
from large QCD background and the Drell-Yan background. We do not consider these two
production channels in the subsequent sections. In the associated production of hη, one has
the addition h→ bb¯ decay to put the handle on. We will study this channel in detail in the
next section. Another channel of interest is the tt¯η. We will consider the signal-background
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in Sec.VI. Finally, one should not ignore the η’s from the decay of the heavy T . As long
as T is not too heavy such that its production rate is sizable, we expect enough η’s from T
decays.
V. THE SIGNAL AND BACKGROUND OF THE PROCESS pp→ hη → bb¯τ−τ+
In this section, we study the signal and backgrounds of the η production associated with
the Higgs boson. To enhance the signal, we consider the following mass ranges of h and η
where the subsequent decay of h→ bb¯ and η → τ+τ− are important:
2mτ < mη < 2mb, 114 GeV < mh < 2mW . (38)
Then pp→ hη production has the dominant decay mode of bb¯τ+τ− without missing trans-
verse energy. The kinematic cuts imposed on b’s and τ ’s are
pT (j) > 15 GeV, pT (τ) > 10 GeV, |yj,l| < 2.5 , ∆R > 0.4 . (39)
The reconstruction efficiencies of b and τ are taken as 0.5 and 0.4, respectively. The rejection
rates of gluon and light quarks faking τ are taken as 300, while the rejection rate of c quark
faking τ is taken as 20 [15]. To simulate the detector effects, we smear the energies of the
jets and τ ’s with the following Gaussian resolutions
∆Ej
Ej
=
50%√
Ej
⊕ 3% , (40)
∆Eτ
Eτ
=
10%√
Eτ
⊕ 0.7% , (41)
where Ej,τ are measured in GeV. We also introduce the following invariant mass cuts on mbb¯
and mττ to suppress the backgrounds:
mh − 10 GeV < mbb¯ < mh + 10 GeV ,
mη − 2 GeV < mττ < mη + 2 GeV . (42)
To further suppress the background from tt¯→ bb¯τ+τ−+E/, we reject events with the missing
transverse energy E/T > 50 GeV, which is about the threshold of the missing transverse
energy signature of CMS and ATLAS detectors. We observe that this cut can reduce the tt¯
background by 2/3. For Fig. 6, we present the Higgs mass and its branching ratio into bb¯
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FIG. 6: (a) The mass of the Higgs boson in units of GeV and (b) Br(h→ bb¯) in the two-dimensional
tan θT − tβ plane. We fix f = 4 TeV.
2
4
6
8
10
mΗHGeVL
5
10
15
20
tanΒ
0
20
40
60
Br HΗ ® ΤΤL
FIG. 7: The branching ratio Br(η → τ+τ−) in unit of 10−2 for f = 4 TeV.
in the plane of tan θT and tβ with fixed f = 4 TeV. The branching ratio Br(η → τ−τ+) is
given in Fig. 7, which is almost insensitive to the value of tβ.
In order to simulate the signal, we select the following benchmark point:
f = 4 TeV, tan θT = 6.03, tβ = 20, mη = 8 GeV. (43)
The relevant physics quantities corresponding to this benchmark point are Γη = 3.8× 10−5
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FIG. 8: The invariant mass distributions of (a) mbb¯ and (b) mττ for the signal and various back-
grounds in pp→ hη → bb¯τ−τ+ after imposing the selection cuts.
GeV, Br(η → τ+τ−) = 38.5%, mh = 115 GeV, Γh = 6.6 × 10−3 GeV, Br(h → bb¯) = 88.7%
and Br(h → ηη) = 0.43%. The Z-h-η coupling in Eq. (9) is about 0.312 at the benchmark
point. The small branching ratio of h → ηη is due to the small mη. At this benchmark
point, the Z ′ is quite heavy and does not appreciably contribute to pp→ hη.
We have several comments on the decay properties of h and η in the mass region 2mτ <
mη < 2mb.
1. The main decay channels of η are η → τ+τ− and η → cc¯. The branching ratio of
η → τ+τ− is the largest due to the fact that QCD corrections to Br(η → cc¯) encoded
in the running mass mc make it substantially smaller than that of Br(η → τ+τ−),
even though the pole mass of charm quark is close to tau pole mass and this channel
has a color factor of 3. In this mass region, the branching ratio Br(η → τ+τ−) is not
sensitive to the parameter tβ.
2. The mass of Higgs is not sensitive to the change of mη due to the smallness of mη.
3. The decay mode of h → ηη is small unlike the case in Refs. [7, 11], because here the
mass of η is small and the decay rate is proportional to m4η.
In Fig. 8, we show the signal and various backgrounds in both mbb¯ and mττ invariant
mass distributions. It is clear that the signal is buried under the background and can hardly
be seen. From these two plots, we can identify that the pp → bb¯cc¯ is the most dominant
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Background processes Cross Section (fb)
bb¯cc¯ 1.87
bb¯gg 0.38
cc¯gg 0.06
cc¯cc¯ 0.05
Signal processes Cross Section (fb)
bb¯τ−τ+ 0.33
TABLE I: Background and signal cross sections in pp→ hη → bb¯τ+τ− after imposing all the cuts
and tagging efficiencies.
background. In order to separate the signal of pp→ hη it is crucial to enhance the rejection
factor for c quark faking τ . The final signal and background rates are tabulated in Table I.
A few more comments on the signal are in order here.
1. The raw cross section of pp → hη is around 1 pb. With the branching ratios of
Br(h → bb¯) and Br(η → τ−τ+), the signal is around 300 fb. After imposing the cuts
on ∆R(b, b¯), ∆R(τ+, τ−), yb and yτ , the signal is reduced to 90 fb. In addition, the pT
cuts on b’s and τ ’s further reduce the signal to 9.6 fb, because most of events are lost
due to the pT cut on the not-so-energetic τ ’s and the ∆R(τ
−, τ+) cut in each signal
event. Considering the reconstruction efficiencies and the invariant mass cuts given in
Eq. (42), the final reconstructed cross section is 0.33 fb.
2. When we fix mη and increase mh, we find that the final reconstructed cross section
decreases. For instance when we take mh = 155 GeV, the reconstructed cross section
is only 0.04 fb. This reduction is not only due to the decrease of the cross section
σ(pp→ hη) but also due to the onset of the mode h→ WW ∗.
3. Unlike MSSM and NMSSM, there is no dramatic enhancement due to large tβ for the
pp→ hη → bb¯τ+τ− than the chosen benchmark point in Eq.(43). First the parameter
tβ has an upper bound by the validity of perturbation expansion [7]. Second, the
coupling of Z-h-η is around half of gZ , which is almost the maximum value in the
allowed parameter space. Third, the branching ratio of Br(η → τ−τ+) cannot change
18
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FIG. 9: The invariant mass distributions of mττ for the signal and various backgrounds in pp →
tt¯η → tt¯τ−τ+ after imposing the selection cuts.
drastically with the increase of tβ. This is to be compared with the MSSM and NMSSM
model cases where both the Z-h-η coupling and the branching ratio of Br(η → τ−τ+)
might be enhanced by factors of 1.5 and 1.5, respectively.
VI. THE SIGNAL AND BACKGROUNDS OF pp→ tt¯η
In this section we study the signal and backgrounds of pp → tt¯η, focused on the bench-
mark point in Eq. (43). For simplicity we first assume that the reconstruction efficiency of
the top quark is 100 percent and can be fully reconstructed. We can focus on the analysis of
the signal and the most direct backgrounds at the t and t¯ level. The majority of backgrounds
comes from tt¯jj with jj = cc¯, gg, qq¯, among which tt¯cc¯ is the most serious background.
This is because of poor rejection factor of the charm quark, which behaves similarly to a
τ -jet. Another source of background is tt¯τ+τ−, which is irreducible but essentially small
because the τ ’s are produced mostly off a virtual photon or a Z boson.
We note that the invariant mass cut on mττ is very crucial for signal event selection. It
removes most of irreducible backgrounds, in which the two τ ’s are emitted from a virtual
photon, Z, or a Higgs boson. It also suppresses the tt¯cc¯ background effectively. In Fig. 9,
we show the spectrum of mττ for both the signal and the major backgrounds. It is obvious
that the signal clearly stands out of the backgrounds.
In Table II, we show the cross sections of major backgrounds and signal after cuts. Here
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Background processes Cross Section (fb)
tt¯cc¯ 0.17
tt¯τ−τ+ 0.02
tt¯gg 0.02
Signal processes Cross Section (fb)
tt¯τ−τ+ 19.6
TABLE II: Cross sections for the signal and various backgrounds in pp→ tt¯τ−τ+ after imposing
all cuts
we comment on the signal in more detail. The total cross section of the pp → tt¯η process
is about 500 fb. After imposing the kinematic cuts on the τ ’s, the cross section is reduced
to about 120 fb. Including the reconstruction efficiency of τ ’s, it further reduces to about
19 fb. Note that we have only analyzed down to the t and t¯ level. If we take the top-quark
decays into account, there should be more backgrounds such asW+W−+ jets andW±+ jets.
However, these backgrounds are electroweak in nature and thus much smaller than the QCD
production of tt¯cc¯.
The signal-to-background ratio seems quite promising. However, we still need to apply
the top quark reconstruction and identification efficiencies. For a simple estimate of the top
quark reconstruction, we should include the reconstruction efficiency of two b jets and two
W ’s. With one of the W ’s decaying leptonically (e and µ) while the other one decaying
hadronically, the reduction factor is therefore
f = e2b × 2×
6
9
× 2
9
. (44)
where eb ≈ 50% is the B-tagging efficiency. Thus, the more realistic reconstructed cross
section of pp → tt¯τ−τ+ is estimated to be 1.5 fb. Even taking into account the selection
cuts for the decay products of the top quark, we should still have enough signal events per
LHC year.
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VII. CONCLUSIONS
We have performed a comprehensive study on the decays and production of the pseu-
doscalar boson η of the simplest little Higgs model at the LHC. We focus on the mass range
of mη < 2mb such that the dominant decay mode is η → τ+τ−, followed by gg and cc¯. The
decay branching ratio into γγ is only of the order of 10−4.
The dominant production channel is gluon fusion (gg → η), followed by bb¯ fusion (bb¯→ η).
However, the sole η → τ+τ− in the final state may be buried under the Drell-Yan background
in this invariant mass region. We have therefore focused on the associated production
channels of pp → hη and pp → tt¯η. We have shown that tt¯η production is in fact large
enough to give a sizable number of events while suppressing the backgrounds, the majority
of which comes from tt¯cc¯. On the other hand, hη → bb¯τ+τ− suffers severely from the bb¯cc¯
background. Unless experiments can achieve a very high rejection factor for charm quark,
this channel remains pessimistic.
APPENDIX A: HELICITY AMPLITUDES FOR qq¯ → tt¯η AND gg → tt¯η
For the process of
q(k1, i) + q¯(k2, j)→ t(p1, l) + t¯(p2, m) + η(p3) ,
there are two contributing Feynman diagrams, as shown in Fig. 10. Here the 4-momenta
and the color indices (i, j, l,m) are given in parenthesis. The amplitudes are
iM1 =
igηttg
2
sT
a
jiT
a
lm
(k1 + k2)2 ((p1 + p3)2 −m2t )
u¯(p1)γ
5 6p3γµ v(p2) v¯(k2)γµu(k1) ,
iM2 = −
igηttg
2
sT
a
jiT
a
lm
(k1 + k2)2 ((p2 + p3)2 −m2t )
u¯(p1)γ
µ 6p3γ5v(p2) v¯(k2)γµu(k1) ,
where gηtt =
√
2 cot 2β(mt/f) and the interaction Lagrangian is L = −igηttη f¯γ5f .
There are eight Feynman diagrams, as depicted in Fig. 10, contributing to the subprocess
g(k1, a) + g(k2, b)→ t(p1, j) + t¯(p2, i) + η(p3)
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where a, b, i, j are color indices. The t-channel-like helicity amplitudes are
iMA =
iA
(2p1 · p3 +m2η)(2k2 · p2)
u¯(p1)γ
5 6p3γµ ( 6k2− 6p2 +mt) γν v(p2) ǫµ(k1) ǫν(k2),
iMB =
−iA
4(k1 · p1)(k2 · p2) u¯(p1)γ
5γµ ( 6p1− 6k1 −mt) (6k2− 6p2 +mt) γν v(p2) ǫµ(k1) ǫν(k2),
iMC =
−iA
(2p2 · p3 +m2η)(2k1 · p1)
u¯(p1)γ
5γµ ( 6p1− 6k1 −mt) γν 6p3v(p2) ǫµ(k1)ǫν(k2). (A1)
The u-channel-like ones are
iMD =
−iB
(2p2 · p3 +m2η)(2k2 · p1)
u¯(p1)γ
5γν ( 6p1− 6k2 −mt) γµ 6p3v(p2) ǫµ(k1)ǫν(k2),
iME =
−iB
4(k1 · p2)(k2 · p1) u¯(p1)γ
5γν ( 6p1− 6k2 −mt) ( 6k1− 6p2 +mt) γµv(p2) ǫµ(k1)ǫν(k2),
iMF =
iB
(2p1 · p3 +m2η)(2k1 · p2)
u¯(p1)γ
5 6p3γν ( 6k1− 6p2 +mt) γµv(p2) ǫµ(k1)ǫν(k2). (A2)
The s-channel-line ones are
iMG =
E
(2p1 · p3 +m2η)(2k1 · k2)
u¯(p1)γ
5 6p3 (( 6k1− 6k2)gµν + 2kµ2γν − 2kν1γµ) v(p2) ǫµ(k1)ǫν(k2),
iMH =
−E
(2p2 · p3 +m2η)(2k1 · k2)
u¯(p1)γ
5 (( 6k1− 6k2)gµν + 2kµ2γν − 2kν1γµ) 6p3 v(p2) ǫµ(k1)ǫν(k2),
where the constant factors A,B,E are given by
A ≡ gηttg2s(T aT b)jl, B ≡ gηttg2s(T bT a)jl, E ≡ gηttg2sfabcT cjl .
APPENDIX B: DECAY OF Z ′
The heavy gauge boson Z ′ decays into the SM fermions (Z ′ → f f¯) and into the Higgs
and η bosons (Z ′ → ηH). We neglect the decay of Z ′ → W+W− since the vertex is
suppressed by v2/f 2, without tβ enhancement. In spite of non-suppressed Z
′-X+-X− and
Z ′-Y 0-Y¯ 0 couplings, the mass relation of MX,Y ≈ 0.82MZ′ does not allow the decay of
Z ′ → X+X−, Y 0Y¯ 0. Decay rates are
Γ(Z ′ → f f¯) = NC
24π
g2Z
[
(gf2R)
2 + (gf2L)
2
]
MZ′, (B1)
Γ(Z ′ → ηH) = c
2
2
192π
λ3/2MZ′ ,
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FIG. 10: Feynman diagrams for qq¯ → tt¯η and gg → tt¯η
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where λ = 1+(mη/MZ′)
4+(mH/MZ′)
4−2(mη/MZ′)2−2(mH/MZ′)−2(mη/MZ′)2(mH/MZ′)2.
We refer the expression of c2 and g
f
2R,2L’s for f = u, d, c, s, b to Eq. (29). Other couplings are
gt2R =
2
3
xW√
3− 4xW
, gt2L =
1√
3− 4xW
(
1
2
− 1
3
xW
)
, (B2)
ge2R = −
xW√
3− 4xW
, ge2L =
1√
3− 4xW
(
1
2
− xW
)
,
gν2R = 0, g
ν
2L =
1√
3− 4xW
(
1
2
− xW
)
,
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